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1cm PROLOGUE
In the rst lecture, I describe the conflicts between the combined standard model predictions and
the results of solar neutrino experiments. Here ‘combined standard model’ means the minimal standard
electroweak model plus a standard solar model. First, I show how the comparison between standard model
predictions and the observed rates in the four pioneering experiments leads to three dierent solar neutrino
problems. Next, I summarize the stunning agreement between the predictions of standard solar models
and helioseismological measurements; this precise agreement suggests that future renements of solar model
physics are unlikely to aect signicantly the three solar neutrino problems. Then, I describe the important
recent analyses in which the neutrino fluxes are treated as free parameters, independent of any constraints
from solar models. The disagreement that exists even without using any solar model constraints further
reinforces the view that new physics may be required. The principal conclusion of the rst lecture is that
the minimal standard model is not consistent with the experimental results that have been reported for the
pioneering solar neutrino experiments.
In the second lecture, I discuss the possibilities for detecting \smoking gun" indications of departures
from minimal standard electroweak theory. Examples of smoking guns are the distortion of the energy
spectrum of recoil electrons produced by neutrino interactions, the dependence of the observed counting rate
on the zenith angle of the sun (or, equivalently, the path through the earth to the detector), the ratio of the
flux of neutrinos of all types to the flux of electron neutrinos (neutral current to charged current ratio), and
seasonal variations of the event rates (dependence upon the earth-sun distance).
Introduction intro Solar neutrino research entered a new era in April, 1996, when the Super-Kamiokande
experimentTakita93,Totsuka96 began to operate. We are now in a period of precision, high-statistics tests
of standard electroweak theory and of stellar evolution models.
In the previous era, solar neutrinos were detected by four beautiful experiments, the radiochemical
Homestake chlorine experiment,Davis94,cleveland98 the Kamiokande water Cerenkov experiment,Suzuki95,kamioka
and the two radiochemical gallium experiments, GALLEXAnsel95 and SAGE.Abdur94 In these four ex-
ploratory experiments, typically less than or of the order of 50 neutrino events were observed per year.
The pioneering experiments achieved the scientic goal which was set in the early 1960s,bahcall64,Davis64
namely, \...to see into the interior of a star and thus verify directly the hypothesis of nuclear energy gener-
ation in stars." We now know from experimental measurements, not just theoretical calculations, that the
sun shines by nuclear fusion among light elements, burning hydrogen into helium.
Large electronic detectors will yield vast amounts of diagnostic data in the new era that has just begun.
Each of the new electronic experiments is expected to produce of order several thousand neutrino events per
year. These experiments, Super-Kamiokande,Takita93,Totsuka96 SNO,McD94 and BOREXINOArp92 will
test the prediction of the minimal standard electroweak modelGlashow61,Wein67,Salam68 that essentially
nothing happens to electron neutrinos after they are created by nuclear fusion reactions in the interior of
the sun.
The four pioneering experiments|chlorineDavis94,cleveland98,Davis64 KamiokandeSuzuki95,kamioka
GALLEXAnsel95 and SAGEAbdur94|have all observed neutrino fluxes with intensities that are within a
factors of a few of those predicted by standard solar models. Three of the experiments (chlorine, GALLEX,
and SAGE) are radiochemical and each radiochemical experiment measures one number, the total rate at
which neutrinos above a xed energy threshold (which depends upon the detector) are detected. The sole
electronic (non-radiochemical) detector among the initial experiments, Kamiokande, has shown that the
neutrinos come from the sun, by measuring the recoil directions of the electrons scattered by solar neutrinos.
Kamiokande has also demonstrated that the observed neutrino energies are consistent with the range of
energies expected on the basis of the standard solar model.
Despite continual renement of solar model calculations of neutrino fluxes over the past 35 years (see,
e.g., the collection of articles reprinted in the book edited by Bahcall, Davis, Parker, Smirnov, and Ul-
richBDP95), the discrepancies between observations and calculations have gotten worse with time. All four
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of the pioneering solar neutrino experiments yield event rates that are signicantly less than predicted by
standard solar models.
These lectures are organized as follows. I rst discuss in Section threeproblems the three solar neutrino
problems. Next I discuss in Section helioseismology the stunning agreement between the values of the sound
speed calculated from standard solar models and the values obtained from helioseismological measurements.
Then I review in Section lasthope recent work which treats the neutrino fluxes as free parameters and shows
that the solar neutrino problems cannot be resolved within the context of the minimal standard electroweak
model unless some solar neutrino experiments are incorrect. At this point, I summarize in Section closing the
main conclusions of the rst lecture. I begin the second lecture by describing in Section newexperiments the
new solar neutrino experiments and then answer in Section whyphysicists the question: Why do physicists
care about solar neutrinos? I present briefly in Section allowedmsw and Section vacuum, respectively, the
MSW solutions and the vacuum oscillation solutions that describe well the results of the four pioneering
solar neutrino experiments. Finally, in Section smoking I describe the \smoking gun" signatures of physics
beyond the minimal standard electroweak model that are being searched for with the new solar neutrino
detectors. I summarize in Section summarytwo my view of where we are now in solar neutrino research.
I will concentrate in Lecture I on comparing the predictions of the combined standard model with the
results of the operating solar neutrino experiments. By ‘combined’ standard model, I mean the predictions
of the standard solar model and the predictions of the minimal standard electroweak theory.
We need a solar model to tell us how many neutrinos of what energy are produced per unit of time in
the sun. Our physical intuition is not yet suciently advanced to know if we should be surprised by 10−2,
by 100, or by 10+2 neutrino-induced events per day in a chlorine tank the size of an Olympic swimming
pool. Specically, solar model calculations are required in order to predict the rate of nuclear fusion by the
pp chain (shown in Table ppreactions and the rate of fusion by the CNO reactions (originally favored by
H. Bethe in his epochal study of nuclear fusion reactions). In a modern standard solar model, about 99%
of the energy generation is produced by reactions in the pp chain. The most important neutrino producing
reactions (cf. Table ppreactions) are the low energy pp, pep, and the 7Be neutrinos, and the higher energy
8B neutrinos.
table[htb] []The Principal Reactions of the pp Chain tabular[htb]lcc
1cReactionReactionNeutrino Energy Number(MeV)
1 p+p! 2H+e+ +e0.0 to 0.4 2 p+e−+p! 2H+e1.4 32H+p! 3He+γ 43He+3He! 4He+2p
1cor 53He + 4He! 7Be + γ 1cthen 6 e− + 7Be! 7Li + e0.86, 0.38 7 7Li + p! 4He + 4He 1cor
8 p+ 7Be! 8B + γ 9 8B! 8Be + e+ + e0 to 15
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